In order to provide a solid basis for the correlation of microstructure and hydrogen isotope retention in tungsten, reference samples with different microstructures were prepared from a single batch of polycrystalline tungsten by standardised polishing and heat treatment procedures. Representative samples were analysed by scanning electron microscopy and scanning transmission electron microscopy as well as by electron backscatter diffraction. We show that if the annealing temperature is increased from 1200 to 1500 K, practically only the density of dislocations and grain boundaries with very small misorientations of less than 2° is reduced, while for annealing at 1700 and 2000 K, also the density of high-angle grain boundaries is reduced due to grain growth. Furthermore, the dislocation density is reduced by nearly two orders of magnitude compared to tungsten annealed at 1200 K. We also comment on two different textures on the front and rear side of the samples that were observed both by X-ray diffraction and EBSD.
Introduction
Tungsten is a promising candidate material for the plasma-facing surfaces in a future fusion reactor. One of the favourable properties of tungsten for this application is its low interstitial solubility and retention for hydrogen isotopes [1, 2] . Particularly for the radioactive fusion fuel tritium, a low inventory in the plasma-facing walls is important because of nuclear safety as well as from economic considerations, namely the goal of tritium self-sufficiency of such a reactor.
The low interstitial solubility of hydrogen isotopes in tungsten also means that the main contribution to the total retained inventory of, e.g., deuterium after exposure to a plasma is typically due to deuterium trapped at crystal defects such as vacancies, impurity atoms, dislocations or grain boundaries (see, e.g., [3] ). For studying such trapping effects in detail, it is necessary to quantify the defect densities in tungsten samples before exposing them to a deuterium plasma.
The density of grain boundaries can be derived from scanning electron micrographs, where (for a pure material such as the tungsten investigated here) regions with different backscatter electron (BSE) contrast can be assigned to (sub)grains. Orientation maps by electron backscatter diffraction yield complementary information. Both methods have their individual strengths and weaknesses, which will be discussed in this article. Dislocations are easily visible by (scanning) transmission electron microscopy, so their density can be estimated from image analysis as well. Unfortunately, point defects such as vacancies can usually not be detected by electron microscopy.
In this article, a systematic study of the densities of dislocations and grain boundaries in tungsten reference samples after different heat treatments is presented. Hot-rolled, polycrystalline tungsten samples with dimensions 15x12x0.8 mm 3 and with a specified purity 3 of 99.97 wt.% were used as a base material. The samples were produced by Plansee SE, Reutte, Austria. According to the manufacturer, the deformation degree exceeded 60%. The rolling direction was parallel to the short edges of the investigated samples. All samples were from one single manufacturing batch and had received a coarse surface finish by the manufacturer to ensure plane-parallel surfaces and a constant thickness. The as-received samples were polished to a metallographic finish with a standardised procedure [4] , and subsequently annealed at different temperatures in order to modify the microstructure.
Thereafter, they were analysed by scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM) in order to determine the densities of grain boundaries and dislocations. Electron backscatter diffraction (EBSD) was used to statistically classify the types of grain boundaries in the samples by their misorientation angle. In addition to texture analysis by EBSD, X-ray diffraction (XRD) was employed to investigate the textures on the surfaces of a larger number of samples.
The results presented here serve as the basis for systematically investigating the dependence of hydrogen isotope retention on the densities of different defects in tungsten. First results using exactly this material with the same surface finish and heat treatments, but with a less detailed characterisation, were already published [5, 6, 7, 8] .
Heat treatment
Heat treatment of the samples was performed either at 1200 K for 60 minutes, or at 1500, 1700 or 2000 K for 30 minutes each. The 1200 K treatment was performed in a high-vacuum (~10 -4 Pa) oven whose hot zone is composed entirely of molybdenum. This treatment is supposed to result in stress relief of the sample, and also to reduce the initial protium (   1   H) content, which is introduced during the manufacturing process. In addition, this heat treatment 4 is also sufficient to remove thick oxide layers at the sample surface. In a previous, less detailed study it was already found that annealing at 1200 K does not visibly change the grain structure of the sample [5] . Finally, 1200 K is also the typical maximum temperature that occurs during analysis of the deuterium inventory after plasma exposure by thermal desorption spectroscopy (see, e.g., [5] ). We therefore consider samples annealed under these conditions as a suitable reference both for this study and for deuterium loading experiments.
For the higher temperatures, a graphite oven with a protective gas atmosphere at an overpressure of 150 kPa (Ar for 1500 and 1700 K, He for 2000 K) was used. In order to prevent the formation of carbides at the sample surface, the samples were enclosed either in a tantalum container blocking all direct lines of sight to the surrounding graphite components, or wrapped in tungsten foils. According to literature [9] , the recrystallization threshold of tungsten (i.e., the temperature at which full recrystallization takes place within one hour) is of the order of 1500 K. Correspondingly, annealing at this temperature for only 30 minutes can be expected to produce a tungsten sample that is only partially recrystallized. For temperatures of 1700 K and above, the annealing time of 30 min is more than sufficient for full recrystallization [9] , and the heat treatment also leads to substantial grain growth.
Analysis techniques

BSE image analysis
For the analysis of grain boundary densities, scanning electron micrographs with backscattered electron (BSE) contrast were used. The images were acquired with an annular solid-state backscatter electron detector in a Philips XL30 ESEM microscope. Typical images for all four annealing temperatures investigated here can be found in Figure 1 , images a, c, e and g. For the analysis, the images were first segmented along the grain boundaries by hand.
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The resulting cells in the segmented image (i.e., the grains) were then analysed statistically with respect to their area A grain . From this, the corresponding equivalent square side length
("grain size") was derived as a linear measure of the grain size. The detailed grain size histograms are given in Figure 2 . Accordingly, we calculate the average equivalent square side length as <a BSE > = <A grain 1/2 >. The average grain boundary area per unit volume <S V > ("grain boundary density") was estimated using a well-proven metallographic method [10] : On a metallographic section, it is related to the average number of intercepts per length <N l > of grain boundaries with an arbitrary straight line:
Since <N l > is in turn given by
, <S V > can be written also as
Note that here, in contrast to <a BSE >, the square root of the average is necessary in order to maintain area truth, and not the average of the square roots. In order to distinguish <S V > derived from BSE images from <S V > values derived from EBSD measurements (see section 3.3), we write <S V,BSE > from here on.
All error margins for grain sizes and grain boundary densities stated in this paper are derived directly from the statistical evaluation, i.e., from the standard deviations of the average values.
The BSE contrast mode does not allow distinguishing between small and high-angle grain boundaries. In the analysis presented here, the grain size statistics therefore also include both types of grain boundaries. A more detailed analysis of the types of grain boundaries was performed by electron backscatter diffraction and is described in section 3.3. out that the contrast of dislocations could be improved by using a suitable selection of typically 3 adjacent segments (HADF-P mode).
The tungsten TEM samples were prepared by cutting disks with a diameter of 3 mm from heat-treated bulk samples by spark erosion. After pre-thinning by mechanical grinding, they were electropolished using a 15 g/l aqueous NaOH solution. The samples were first electropolished from one side for approximately half of the time necessary for a perforation to occur. Then they were flipped around and electropolished from the other side until a small perforation (typical diameter 30-50 µm) was detected by an electro-optical circuit. Due to this preparation process, we estimate that the transparent area is approximately 0.2-0.4 mm away from either sample surface. We therefore consider all our STEM samples as being characteristic for the bulk of the material, rather than for the immediate near-surface regions.
Dislocation densities were derived from BF-STEM images because these contained the least amount of noise. Examples for all four annealing treatments can be found in Figure 1 , images b, d, f and h. Since the detector allowed simultaneous acquisition on multiple channels, DF and/or HADF-P images were also acquired and used for consistency checks. Dislocation densities were measured by tracing all dislocations in an image by hand. It turned out that semi-automatic image filtering (e.g., by edge enhancement) was just as time consuming and often less accurate due to noise in the image. In the resulting binary image, first the total projected length of all dislocations in the image was calculated. Due to limitations of our 7 microscope system, we were not able to perform systematic tilting and orienting experiments.
But due to the high contrast of the solid-state detector at 30 keV primary electron energy, we assume that most dislocations were visible at least with a residual contrast, even if they were close to their respective extinction condition. Still, we cannot exclude that some dislocations in the observed sample regions were not visible, so the dislocation densities derived here should accordingly be considered as a lower limit for the true dislocation density.
Dislocation tangles, respectively the constituent dislocations of low-angle grain boundaries (if they could be resolved) were intentionally also counted. The dislocation density (in m/m 
EBSD analysis
Orientation mapping by electron backscatter diffraction was also performed with the FEI Helios NanoLab 600 system. Here, the sample surface normal was tilted by 57° with respect to the electron beam. For acquisition of the diffraction patterns, a HKL Nordlys II detector together with the Channel 5 acquisition and analysis software was used. EBSD maps were acquired on polished bulk samples that had gone through the different heat treatments described above in section 2 (see Figure 3 ). While the BSE contrast is very sensitive even on small misorientations between neighbouring grains, it does not allow distinguishing the misorientation angles. This information was derived from EBSD maps, which contain the full grain orientation information. For the grain structure reconstruction, non-solved pixels in the ESBD map were post-processed using the Channel 5 software. First, the "wild spike" removal routine was executed, and then the unsolved pixels were extrapolated with the "standard" filter using 5 neighbours. The initial orientation maps had fractions of non-solved pixels of 9.8%, 18%, 7.7% and 11% for the samples annealed at 1200, 1500, 1700 and 2000 K. After the post-processing described above, the corresponding non-solved fractions were 0.5%, 2.2%, 2.5% and 1.1%. An example comparing original and post-processed data can be found in Fig. 3d .
In order to distinguish grain boundaries from misorientation gradients as well as from small random fluctuations of the solution of the electron backscatter patterns, grain boundaries were defined as the loci of misorientations   2° between neighbouring pixels. The different grain boundaries within the mapping areas were classified as either low-angle for misorientation 9 angles of 2°   < 10°, respectively as high-angle for   10° (Figure 3a and d). This is motivated by experiments of Liu and Shen [12] , who investigated the fracture behaviour of tungsten bi-crystals with a twist boundary. Their analysis showed that a crack initiated perpendicular to the grain boundary bridges the boundary for small misorientations . For increasing , starting at about 10°, intergranular fracture starts to occur, i.e., the crack is deflected and follows the grain boundary. From the histograms of misorientations between neighbouring pixels on the EBSD maps, the fractions of low-angle grain boundaries with 2°   < 10° and of high-angle boundaries with   10° were derived.
We also calculated statistics for the grain areas in the same manner that was already described in section 3.1. for the BSE images. The statistical evaluation was performed both for zones enclosed by any grain boundary with a misorientation of at least 2°, and for zones delimited only by high-angle boundaries (i.e., with   10°). Also in analogy to the BSE image analysis, we again derived grain boundary densities <S V > as well as equivalent square size lengths (i.e., grain sizes). We label the average grain sizes considering only high-angle boundaries with   10° <a 10°> , and the grain size including all grain boundaries with   2° <a 2°> . The corresponding grain boundary densities are <S V,10°> and <S V,2°> , respectively. The underlying grain size histograms and the obtained average values can be seen in Figure 2 together with the ones derived from BSE image analysis. Figures 3 and 4 compile the grain boundary densities and classification into small and high-angle grain boundaries for all annealing temperatures.
The EBSD maps were also evaluated with respect to the texture after heat treatment at the four different temperatures. In addition, some EBSD analyses on a metallographic prepared and electro-polished cross-section of a stress-relieved sample were performed ( Figure 6 a-c).
X-ray diffraction
In order to obtain statistical information on the textures of tungsten samples, we also performed X-ray diffraction (XRD) analysis on many stress-relieved as well as recrystallized samples. The samples were investigated on the front side and in several cases additionally on the back side. For this analysis, we used a Seifert XRD 3003 PTS X-ray diffractometer with a Cu K α source (0.154 nm). On several tens of samples, we acquired pole figures of the {200}, {100}, {222} and {211} diffraction peaks of W for a detailed look at the textures. For analysing quickly a large number of additional samples, -2 scans of narrow regions around these four peaks are sufficient. The XRD analysis was possible on polished as well as on unpolished surfaces without any qualitative difference in the result.
Results
Stress relief at 1200 K
For tungsten samples stress-relieved for 60 minutes at 1200 K, the BSE images reveal a large number of small grains with typical dimensions of one up to a few microns (see Figure 1a ).
The outlines of these grains are not always perfectly clear due to the strong mechanical deformation introduced by the production process, and they show some shading in their greyscale contrast, which can be attributed to bending of grains or lattice distortions [13] .
With the statistical analysis method described above, an average grain size of <a BSE > = 1.170.03 µm was derived from the BSE image (for the histogram see Figure 2 ).
Using equation (2), an average grain boundary density of <S V,BSE > = (1.420.03)×10 Figure 4 ). The reason that <a 2°> is larger than <a BSE > can be attributed mainly to the fact that in BSE contrast also boundaries with  < 2° can still be clearly identified. This results in a more fine-grained segmentation of the sample.
Accordingly, while in the EBSD map for annealing temperature of 1200 K (see Figure 3a) , also several grains with sizes above 5 µm occur, these were not found in the corresponding BSE images (see histograms in Fig. 2) . Also, the step width of the EBSD patterns was chosen at 0.5 µm in order to be able to cover a large, statistically relevant surface area of the sample within a reasonable measurement time. In order to suppress random, isolated pixels that were indexed with a different orientation than their surroundings, only structures with a minimum size of 1 µm 2 (i.e., consisting of at least 4 pixels) were used for the grain size statistics. In the BSE image analysis, the point resolution is much better and allows also the identification of smaller grains. The scale length of zones delimited by high-angle boundaries is significantly larger than both <a BSE > and <a 2°> , namely <a 10°> = 3.100.11 µm, which can be seen in the EBSD map in Figure 3a as well as in the corresponding histograms in Figure angle boundaries with  < 10° (see Figure 5 ).
STEM images from such a sample show dense dislocation networks and tangles as well as many more or less ordered dislocation structures, which most likely correspond to low-angle grain boundaries (see Figure 1b) . The total average dislocation density was determined to be
Scherrer X-Ray diffraction [14] . Since our material was hot-rolled and also annealed at 1200 K, we consider it reasonable that the observed dislocation density should be lower than in such cold-worked W. On the other hand, the dislocation density in our material coincides well with the value of 2.1×10 14 m/m 3 found in tungsten filings after annealing without recrystallization [14] . This is a similar heat treatment as for our samples, so we consider our observations to be well in agreement with [14] .
high-angle 4.2. Partial recrystallization at 1500 K For partially recrystallized samples (30 minutes at 1500 K), the outlines of some grains appear clearer in the BSE image, and these also show a very uniform greyscale contrast (see Figure   1c ). This points towards the beginning of recrystallization, i.e., to the removal of distortion fields that were present in the initial sample. Overall, also the average grain size derived from BSE image analysis is now slightly larger at <a BSE > = 1.540.02 µm (Figure 2 ). This corresponds to a grain boundary density of <S V,BSE > = (1.03 0.01)×10 contrast to the stress-relieved sample, the grain boundary densities <S V,BSE > derived from BSE image analysis and <S V,2°> from EBSD mapping for   2° are now much closer together (see Figure 4) . Here, the limitations of our analysis with respect to the reliable identification of grain boundaries and the lateral resolution that were already explained in section 4.1 are obviously much less significant than for the sample annealed at 1200 K.
The better agreement of BSE and EBSD grain sizes also sheds some more light onto the observation of more well-ordered grain boundaries in STEM images: It can be assumed that the ordering and densification of the cell boundaries in the partially recrystallized sample corresponds at least to some extent to recovery rather than actual nucleation and growth of new grains. Overall, the changes to the grain structure due to annealing for 30 min at 1500 K appear to be relatively subtle. The dislocation density appears to be the quantity most affected by this kind of heat treatment.
Recrystallization and grain growth at 1700 K
For annealing temperatures of 1700 K and higher (with a holding time of 30 minutes), literature [9] predicts full recrystallization of the samples. One can also expect significant grain growth. Indeed, in BSE images of a sample annealed at 1700 K (Figure 1e ), one finds many large grains with sizes of the order of 10 µm and larger. They have clear outlines and a 14 uniform BSE grayscale contrast. However, between these large grains, clusters of smaller grains with sizes in the micron range can still be found. Accordingly, the grain size distribution is now very broad (see Figure 2) . Due to the small number of large grains in a typical image, it cannot be easily discerned if the distribution is, in fact, bimodal, or has just a large tail towards large grain sizes.
Practically all grains, both the small and large ones, show grooving at the grain boundaries.
The larger grains show an apparently corrugated surface. This is presumably due to small grains that formed grooves at the grain boundaries after nucleation and a short, initial growth phase, but which were then consumed by other grains with a faster growth rate. Overall, the average grain size derived from BSE image analysis is now <a BSE > = 2.920.13 µm ( Figure   2 ). This is more than twice as large as for the stress- For this sample, also the EBSD analysis of the grain boundaries shows significant changes.
First of all, the fraction of low-angle grain boundaries with  < 10° is now reduced to about 26% ( Figure 5 ). I.e., most grain boundaries are now, in fact, high-angle grain boundaries.
Many grain boundaries are also annihilated due to grain growth, which is reflected by the overall smaller grain boundary density. The scale length of all grain boundaries with   2° is now <a 2°> = 3.570. 
Texture analysis
From literature [14, 15, 16, 17] , it is expected that the surface of hot-rolled tungsten plates is dominated by grains with their {100} and {111} planes parallel to the surface and their <110> direction parallel to the rolling direction, i.e., with a {100}<110> and {111}<110> texture. A variation of the texture with depth is proposed, too [15, 18] . Regarding the recrystallization texture, model predictions for bcc metals [15, 16, 19, 20] but also experimental results [15, 21, 22] are somehow diverse: from sharpening the texture over rotating the texture, depleting different fractions of the texture (alpha vs. gamma fibre) to leaving the texture unchanged. In addition, recovery with selective grain growth versus recrystallization, i.e., nucleation of new grains and their growth is discussed in literature [22, 23] . Therefore, we analysed the texture of the material after the annealing applied in this study.
By XRD we analysed a large number of polished and either stress-relieved or recrystallized (2000 K) samples in addition to the four samples annealed at different temperatures that were investigated in detail with EBSD (section 4.1-4.4). The analyses confirm that always one surface of the stress-relieved specimens is dominated by the {100}<110> and {111}<110>
textures (see [15] ), which is clearly evident from Figure 3a -c. Surprisingly, on the reverse side of the W plates we always found a totally different texture. This one is dominated by {110} planes parallel to the surface and <211> or <111> parallel to the rolling direction. We term the reverse side "B" side, while the front side with the expected texture will be called "A"
side from here on. Overall, the texture on the "B" side exhibited somewhat more variation and was also weaker than that on the "A" side.
In order to evaluate the variation of the texture with depth, a cross-section of a stress-relieved, unpolished sample was additionally analysed with EBSD. Pole figures as usually obtained by XRD were calculated from the EBSD data (Fig. 6) . The texture varies slightly throughout the cross-section with a drastic change in the last quarter of the ~0.8 mm thick sheet close to the side with type "B" texture. In more detail, a thin layer with a more distorted texture exists on the "A" side, which is thinner than the layer that is typically removed by the polishing procedure (~100 µm) [3] . Beyond that surface layer, the fraction of {111}<110> increases slowly with depth, and the texture is quite sharp around the mid of the cross-section before it gets diffuse and less pronounced closer to the "B" side.
A possible explanation for the different texture of the two sides is that the plate from which the samples were cut by the manufacturer was rolled in a packet of two plates stacked on top of each other at least in the final rolling steps. This causes the "expected" texture of the "A"
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side to appear on the outside of the packet, i.e., on the side facing the rolling drums. On the inner side, where both plates touch each other, the texture observed on the "B" side is produced.
Annealing above 1200 K and recrystallization at 2000 K alter the texture of our samples, but the two different sides, "A" and "B", are still easily distinguishable with XRD and EBSD.
The largest variation in the texture is observed between the samples annealed at 1500 and 1700 K. The {111}<110> component of the "A" side nearly vanishes after recrystallization at 2000 K (Figure 3d ), while the dominant <110> direction parallel to the rolling direction is altered, even though the {100}<110> texture still dominates [16] . The reported double texture {100}<011>±(12-16)° for tungsten recrystallized at temperatures well above 2000 K [15, 16, 21] is not fully developed, but partially observed. The texture of the "B" side is overall weaker after recrystallization, i.e., all structures in the pole figure are smeared out.
On all four samples discussed in sections 4.1-4.4, the "A" side was polished and analysed. planes parallel to the surface is clearly visible (Figure 3a and d) , while the <110> crystal direction is about parallel to the rolling direction (Figure 3b and e). {110} planes parallel to the surface are remarkably rare.
Discussion
After the heat treatments discussed here, one finds that the dislocation density is reduced strongly between annealing at 1200 and 1700 K and then stays at a low level of the order of a 1200 K practically does not change the grain structure compared to the initial hot-rolled material, all recrystallization treatments were also accompanied by at least some grain growth.
This corresponds to the decrease of the grain boundary density for higher temperatures (Figure 4 ).
Between the samples annealed at 1200 and 1500 K, this is only observable in BSE images.
The evaluation of the EBSD maps only includes grains with a minimum area of 1 µm 2 and a minimum misorientation of 2°. A higher spatial resolution was not easily attainable here while keeping the map area large enough for a good statistical evaluation, and the scatter of the orientations derived from the EBSD patterns by the analysis software did not allow setting a higher angular sensitivity. Due to these two cut-offs, the evaluation of EBSD data shows only minor differences between the two samples annealed at 1200 and 1500 K (see Figures 2 and   3 ). For both samples, more than half of the analysed grain boundaries have misorientations between 2° and 10° (see Figure 5) , and are therefore considered as low-angle grain boundaries. In fact, it can be assumed that particularly in the sample annealed at 1200 K, there is a substantial fraction of (sub)grain boundaries with misorientations even below 2°, which could not be reliably identified here by EBSD. The reduction of the density of such grain boundaries with very low misorientations after annealing at 1500 K is probably correlated to the reduction of the dislocation density ( Figure 4 ). This is linked to the fact that, as described in section 3.2, dislocations in tangles and low-angle grain boundaries were intentionally counted together with other dislocations in the STEM image analysis. Still, subtle changes in the structure of grain boundaries are already visible in STEM images after annealing at 1500 K and most likely correspond to a recovery process, at least to some extent. In addition, small variations of the texture are observed. Overall, it can be stated that annealing at 1500 K leads to a reduction of the dislocation density, but does not affect the density of high-angle grain 20 boundaries (and even of grain boundaries with   2°) in comparison to a sample annealed at 1200 K.
The significant grain growth due to annealing at 1700 and 2000 K is observed by BSE image evaluation as well as by EBSD analysis (see Figures 1, 2 and 3) . As for the sample annealed at 1500 K, the agreement between the grain boundary densities derived from BSE images and from EBSD maps including all grain boundaries with   2° is reasonable. This strengthens the assumption that the deviations observed for the sample annealed at 1200 K are indeed due to grain boundaries with misorientations  < 2°. These boundaries are mostly obliterated by annealing at 1500 K and higher. Annealing at 1700 K and higher also leads to an increased fraction of high-angle grain boundaries with misorientations of more than 10° (see Figure 5 ).
They comprise the majority of grain boundaries in these samples. Consequently, the grain The behaviour with increasing annealing temperature of the tungsten samples investigated here can be easily understood by considering that one of the main driving forces for recrystallization is the latent energy stored in lattice deformation, i.e., dislocations [10] . The changeover to mostly high-angle grain boundaries reflects the fact that these are thermodynamically more stable.
The different evolutions of grain boundary and dislocation densities with the annealing temperature give the opportunity to compare the influence of grain boundary and dislocation density on other physical properties, e.g., the deuterium retention after plasma exposure [5, 6, 21 7, 8, 24] , since the samples recrystallized at 1700 and 2000 K have similar (very low) dislocation densities, but significantly different grain boundary densities. This is accompanied also by a small but measurable change of the texture. On the other hand, the samples annealed at 1200 and 1500 K have similar densities at least of high-angle grain boundaries, but different dislocation densities (Figure 4 ).
Considering the different fracture behaviour of low and high-angle grain boundaries that was found by Liu et al. [12] , one can expect also the fracture behaviour of tungsten to change with recrystallization. Indeed, hot-rolled respectively stress-relieved tungsten shows at least some ductility. On the other hand, recrystallized tungsten, while still retaining some elastic flexibility, is extremely brittle. Experience from handling tungsten samples and wrapping foils from the annealing procedure confirms this. It can be expected that this also influences the behaviour of the tungsten samples with respect to, e.g., thermal shocks, or to the formation of gas-filled cavities (see, e.g., [5, 6] ) at grain boundaries due to bombardment with energetic hydrogen isotope ions.
Summary
After annealing at four different temperatures between 1200 and 2000 K, the dislocation and grain boundary densities in rolled tungsten samples were determined by scanning electron microscopy and scanning transmission electron microscopy. It was found that, compared with a sample stress-relieved at 1200 K, the dislocation density drops by about two orders of magnitude after recrystallization at 1700 K and stays at a similar, low value after recrystallization at 2000 K. On the other hand, the density of high-angle grain boundaries is the same whether a sample is annealed at 1200 or 1500 K, and continuously decreases with further increasing annealing temperature due to grain growth. Looking at the density of grain 22 boundaries including those with very small misorientations that could only be clearly identified in BSE images, we found that this density starts to decrease already at 1500 K. The grain boundary character also changes due to recrystallization. After annealing at 1200 and 1500 K, more than 50% of the grain boundaries are low-angle grain boundaries with misorientations of less than 10°. After annealing at 1500 K, signs of recovery and recrystallization can be found particularly in STEM images, but also in BSE images, while our EBSD analysis is apparently insensitive to these -still very subtle -changes. After annealing at 1700 or 2000 K, the majority of grain boundaries are high-angle grain boundaries with at least 10° of misorientation.
We also found that one rolling surface (which was investigated in detail here) of the stressrelieved samples used in this study exhibits a texture that is dominated by crystallographic planes close to {100} and {111} parallel to the surface, with the <110> direction about parallel to the rolling direction. On the reverse side of the samples, we found mainly planes close to {110} parallel to this surface. The {100}<110> texture on the front side is more or less preserved upon recrystallization, while the {111}<110> texture nearly vanishes. The texture on the reverse side weakens, but stays recognisable as well.
This extensive material characterisation can now be used as the basis for discussing, e.g., studies of deuterium retention in such tungsten samples after irradiation with low-temperature plasmas [5, 24] . 
